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ABSTRACT
We present a 12CO (2–1) mosaic map of the spiral galaxy NGC 6946 by combining data from the
Submillimeter Array and the IRAM 30 m telescope. We identify 390 giant molecular clouds (GMCs)
from the nucleus to 4.5 kpc in the disk. GMCs in the inner 1 kpc are generally more luminous and
turbulent, some of which have luminosities >106 K km s−1 pc2 and velocity dispersions >10 km s−1.
Large-scale bar-driven dynamics likely regulate GMC properties in the nuclear region. Similar to the
Milky Way and other disk galaxies, GMC mass function of NGC 6946 has a shallower slope (index
> −2) in the inner region, and a steeper slope (index < −2) in the outer region. This difference
in mass spectra may be indicative of different cloud formation pathways: gravitational instabilities
might play a major role in the nuclear region, while cloud coalescence might be dominant in the outer
disk. Finally, the NGC 6946 clouds are similar to those in M33 in terms of statistical properties, but
they are generally less luminous and turbulent than the M51 clouds.
Keywords: galaxies: individual (NGC 6946) – galaxies: ISM – galaxies: spiral – ISM: clouds
1. INTRODUCTION
Giant molecular clouds (GMCs) are the major gas
reservoirs in disk galaxies, as well as the nursery of most
stars. Their properties and life cycles likely regulate the
initial mass function (e.g., Larson 1981). Our knowledge
of star formation, the interstellar medium (ISM), and
galaxy evolution ultimately hinges on a comprehensive
understanding of GMCs.
Correlations between cloud size, luminosity, and ve-
locity dispersion were first noticed by Larson (1979).
These correlations, or “Larson laws,” were established
by Solomon et al. (1987). Subsequent CO surveys have
imaged GMCs from the Galactic center to the outer re-
gions (e.g., Heyer et al. 2001, 2009; Oka et al. 2001).
Over the past decade, advances in interferometry have
enabled observers to probe GMCs in the Local Group
and beyond (e.g., Rosolowsky & Blitz 2005; Rosolowsky
et al. 2007; Bolatto et al. 2008; Wong et al. 2011; Gratier
et al. 2012; Rebolledo et al. 2012, 2015; Donovan & Meyer
2013; Colombo et al. 2014; Leroy et al. 2015; Pan et al.
2015b; Utomo et al. 2015). Many studies have shown
that extragalactic GMCs largely follow similar Galactic
scaling relations, with some modifications possibly due to
stellar feedback (e.g., Leroy et al. 2015), external pres-
sure (e.g., Rosolowsky & Blitz 2005), or simply different
viewing angles (Pan et al. 2016).
Extragalactic GMC studies require data from inter-
ferometers, as well as single-dish telescopes to spatially
and spectrally resolve a sufficient amount of clouds while
conserving all the flux. In this paper, we study GMCs in
the nearby gas-rich and moderately inclined galaxy NGC
6946 by combining our new 12CO (2–1) observations from
the Submillimeter Array3 (SMA) and archive data from
the IRAM 30 m dish (Leroy et al. 2009). This combi-
nation has great potential, because mapping a galaxy in
12CO (2–1) is faster than other CO transitions for the
same resolution and sensitivity (Sakamoto 2008). Stud-
Table 1
NGC 6946 Parameters
Parameter Value Note
R.A. (J2000) 20h34m52.s355 (1)
Decl. (J2000) +60◦09′14.′′58 (1)
Hubble type SAB(rs)cd (2)
D [Mpc] 5.5 (3)
Scale. 1′′ in pc 26.7
P.A. [◦] 243 (4)
Incl. [◦] 38 (5)
Vsys [km s−1] 43 (5)
r25 [kpc] 9.8 (6)
MB [mag] −20.61 (6)
L8−1000µm [L] 1010.2 (7)
MH2 [M] 4.0× 109 (6)
MHI [M] 6.3× 109 (6)
M∗ [M] 3.2× 1010 (6)
SFR [M yr−1] 3.24 (6)
Note. — (1) Schinnerer et al. (2006), (2) de Vaucouleurs et al.
(1991), (3) Tully (1988), (4) de Blok et al. (2008), (5) Boomsma et
al. (2008), (6) Leroy et al. (2008), (7) adjusted from the IRAS flux
measurements in Sanders et al. (2003) for the adopted distance of
5.5 Mpc.
ies have found that molecular gas is more abundant than
atomic gas in the inner 6 kpc (Crosthwaite & Turner
2007), especially in the nuclear bar (e.g., Ishizuki et al.
1990; Regan & Vogel 1995; Sakamoto et al. 1999; Schin-
nerer et al. 2006). Molecular gas can even be found out-
side the de Vaucouleurs radius r25 (Braine et al. 2007).
Such a high molecular gas content is likely to drive the
observed starburst (Turner & Ho 1983; Engelbracht et
al. 1996). In addition, NGC 6946 has been extensively
investigated in different ISM phases (e.g., Helfer et al.
2003; Kennicutt et al. 2003; Kuno et al. 2007; Walter et
al. 2008; Heyer et al. 2009), facilitating a comparative
study. Here we focus on the 12CO (2–1) data and leave
the comparison of cloud properties and star formation to
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a future paper. Table 1 lists the properties of NGC 6946.
2. METHODOLOGY
2.1. SMA and IRAM 30 m Data
We performed a 10-pointing 12CO (2–1) mosaic of
NGC 6946 between 2010 June and October in the com-
pact (CMP) and extended (EXT) array configurations,
with baselines ranging from 6 to 180 m. Nine pointings
satisfying the Nyquist sampling were aligned along the
galaxy’s major axis, while the tenth field was specifically
pointed at a bright clump on a spiral arm. Scans were
interleaved with phase calibrators. We tuned the local
oscillator frequency to 226 GHz, making 12CO (2–1) in
the upper sideband, and 13CO (2–1) and C18O (2–1) in
the lower sideband. The 0.8125 MHz channel width cor-
responds to a velocity resolution of 1.05 km s−1 at 230
GHz. We also acquired complementary data with the
sub-compact configuration (SUB) in 2012. These data
were used to calibrate the SMA and IRAM 30 m visibili-
ties (see Appendix A for details). Information regarding
the SMA observations is shown in Table 2.
The IRAM 30 m 12CO (2–1) cube of NGC 6946 was
presented by Leroy et al. (2009), and we used it to fill the
central uv hole to recover the total flux. The interested
reader is referred to the original paper for details on the
observations and data reduction.
We reduced the SMA data in the standard way with
the MIR package. In brief, we flagged unusable visibili-
ties and applied calibrations (system temperature, band-
pass, gain, and flux). The calibrated visibilities were then
merged with the IRAM 30 m cube using the MIRIAD. We
set the SMA SUB data as the flux standard, and used it
to determine the scaling factors for visibilities. To create
IRAM 30 m visibilities, we deconvolved the cube with
a 16′′ beam, applied SMA’s 55′′ primary beam, Fourier-
inverted the cube, selected visibilities with baselines <12
m to avoid poor edge response, and finally scaled the
amplitudes.
The calibrated visibilities were Fourier-transformed
and deconvolved using the CLEAN algorithm, with natu-
ral weighting to improve sensitivity. Since the composite
dirty beam is very non-Gaussian, convolving the CLEAN
map with the Gaussian beam given by MIRIAD can result
in spurious total flux. As discussed by Koda et al. (2011),
the total flux will not be conserved if the solid angle of the
dirty beam differs from that of the restoring beam. To
have a new restoring beam that can conserve the flux, we
adopted the axis ratio and the position angle of the orig-
inal restoring beam, but varied the beam size to match
the solid angle of the dirty beam. We used this effective
beam to restore the images, and successfully conserved
the flux. The combined cube has a velocity resolution
of 2.6 km s−1, a noise of 0.33 K, and a beam of 1.′′64 ×
1.′′31, corresponding to 44 pc × 35 pc at 5.5 Mpc. Figure
1 shows the integrated intensity map.
2.2. Cloud Decomposition
Cloud identification was performed with the CPROPS
package (Rosolowsky & Leroy 2006), which has been em-
3 The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica Insti-
tute of Astronomy and Astrophysics, and is funded by the Smith-
sonian Institution and the Academia Sinica.
ployed in many extragalactic studies (e.g., Bolatto et al.
2008; Wong et al. 2011; Gratier et al. 2012; Colombo et al.
2014; Leroy et al. 2015; Utomo et al. 2015). Simulations
have shown that this algorithm is robust when compar-
ing its search results to the actual 3D clouds (Pan et al.
2015a). The reader is referred to Rosolowsky & Leroy
(2006) for a thorough documentation of the algorithm
and definitions of cloud properties. To minimize system-
atics from decomposition and to facilitate comparison
with other studies, we adopted almost the same CPROPS
parameters as in Colombo et al. (2014): threshold = 4,
edge = 1.5, minvchan = 1, bootstrap = 50, sigdiscont
= 0. We identified 390 GMCs with signal-to-noise ratio
>5 (Table 3), and we further grouped them into the nu-
clear GMCs (galactocentric radius Rgal < 1 kpc) and the
disk GMCs (Rgal > 1 kpc) because there is a distinction
in gas properties at that radius (Romeo & Fathi 2015).
Finally, we had 185 nuclear GMCs and 205 disk GMCs.
As demonstrated in Appendix B, these clouds are well
separated in the position–position–velocity space. Fig-
ure 2 shows the location of the clouds on top of the inte-
grated intensity map and the IRAC 3.6 µm image from
Kennicutt et al. (2003).
2.3. CO-to-H2 Conversion Factor and Mass of GMCs
Observations have revealed discrepancies regarding the
CO-to-H2 conversion factor XCO in NGC 6946. Dono-
van & Meyer (2012) derived an XCO similar to the Milky
Way (MW) value (4.4 M pc−2 (K km s−1)−1; Sand-
strom et al. 2013) by assuming that GMCs were in virial
equilibrium. In contrast, analyses on CO isotopologues
and dust mass surface density have revealed a conversion
factor 5 to 10 times below the MW value in the nuclear
region of NGC 6946 (e.g., Israel & Baas 2001; Walsh et
al. 2002; Meier & Turner 2004; Sandstrom et al. 2013).
In particular, Sandstrom et al. (2013) demonstrated that
XCO increases radially from 1/10 MW at the center to
∼MW beyond ∼6 kpc. As discussed by Sandstrom et
al. (2013), because CO is optically thick, CO emission
can more easily leave a cloud if the velocity dispersion of
the cloud is increased owing to external pressure. As a
result, in regions with high external pressure, such as the
galactic center, we would expect a lower XCO because of
an increased CO emissivity. This is perhaps the case for
NGC 6946. As shown in Figure 4, some GMCs within 1
kpc from the nucleus have an enhanced velocity disper-
sion >10 km s−1, which might in turn drive the observed
low XCO.
It is thus not appropriate to adopt a universal XCO for
NGC 6946. As a result, we used MATLAB to perform a
least-squares regression to Figure 22.24 in Sandstrom et
al. (2013) to derive XCO for
12CO (1–0) from the nucleus
to 5 kpc (Figure 3). The fitted XCO increases from 0.37
to 2.23 M pc−2 (K km s−1)−1, or from ∼1/10 to ∼1/2
the MW value. Then, these XCO values were divided by
R21 ≡ 12CO (2–1)/12CO (1–0) = 0.7 used by Sandstrom
et al. (2013) before converting 12CO (2–1) luminosity to
cloud mass. Table 3 lists GMC sizes, velocity dispersions,
masses, and other parameters.
2.4. Comparison with the Galactic and Extragalactic
GMCs
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Table 2
SMA Observations
No. UT Date Np Nant Array Configuration Lbaseline τ225 〈Tsys〉 Tobs Gain Cal. Flux Cal. Passband Cal.
name pads (m) (K) (hr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
1 2010 Jun 07 10 8 CMP 1,4,5,7,8,9,12,23 6–69 0.16 168 3.6 J1849+670 Uranus 3C 454.3
J1927+739 Titan 3C 279
2 2010 Sep 06 10 7 EXT 9,11,12,14,15,16,17 18–180 0.06 99 6.7 J1849+670 Uranus 3C 454.3
J2038+513 · · · · · ·
3 2010 Sep 07 10 7 EXT 9,11,12,14,15,16,17 21–176 0.06 101 5.1 J2015+371 Uranus 3C 454.3
J2038+513 Ganymede · · ·
4 2010 Sep 08 10 7 EXT 9,11,12,14,15,16,17 22–175 0.05 97 4.8 J2015+371 Uranus 3C 454.3
J2038+513 Callisto 3C 84
5 2010 Oct 27 10 7 CMP 1,4,5,7,8,9,12,23 7–69 ∼0.15 148 5.2 J2015+371 Uranus 3C 454.3
J2038+513 Callisto 3C 84
6 2012 Aug 05 2 6 SUB 1,2,3,4,5,6 6–25 ∼0.25 182 5.2 J1849+670 Uranus 3C 454.3
· · · Neptune · · ·
7 2012 Aug 15 2 6 SUB 1,2,3,4,5,6 6–25 ∼0.1 108 5.0 J1849+670 Uranus 3C 454.3
· · · Neptune · · ·
Note. — (3) Number of observed positions. (4) Number of available antenna. (5) SMA antenna configuration. CMP—compact, SUB—sub-
compact, EXT—extended. (6) Antenna locations. See Ho et al. (2004) for a map with the numeric keys. (7) Range of projected-length of baselines
for NGC 6946. (8) Zenith opacity at 225 GHz measured at the Caltech Submillimeter Observatory adjacent to the SMA. (9) Median double sideband
(DSB) system temperature toward NGC 6946. (10) Total integration time on the galaxy. (11) Gain calibrator. (12) Flux calibrator. (13) Passband
calibrator.
Table 3
NGC 6946 GMC Catalog
ID ∆R.A. ∆Decl. VCO R σv LCO Mlum Mvir T S/N
(′′) (′′) (km s−1) (pc) (km s−1) (104 K km s−1 pc2) (105 M) (105 M) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1 110.1 101.9 −47.8 30.6 ± 23.0 1.3 ± 1.9 3.5 ± 2.2 0.9 ± 0.6 0.6 ± 1.7 1.7 5.1
2 106.9 103.9 −45.2 42.3 ± 16.2 2.9 ± 2.9 16.3 ± 10.9 4.4 ± 2.9 3.7 ± 5.8 3.0 8.9
3 104.9 112.3 −45.2 79.9 ± 31.7 3.4 ± 1.5 11.2 ± 5.2 3.1 ± 1.4 9.3 ± 13.6 2.5 7.4
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
390 −6.7 −6.9 173.2 43.8 ± 38.9 3.1 ± 2.1 9.7 ± 18.1 0.7 ± 1.2 4.3 ± 4.7 3.4 10.1
Note. — (1) Cloud ID. (2) R.A. offset w.r.t the galactic center 20h34m52.s355. (3) Decl. offset w.r.t the galactic center +60◦09′14.′′58. (4)
Central velocity of the cloud. (5) Cloud radius. (6) Velocity dispersion. (7) 12CO (2–1) luminosity. (8) Luminosity-based mass from LCO. (9)
Virial mass. (10) Peak temperature. (11) Signal-to-noise ratio (peak temperature divided by a noise of 0.33 K). We only include clouds with S/N
> 5 in the catalog.
(The table is available in its entirety in machine-readable form.)
It is useful to compare the NGC 6946 GMCs to those
in the Milky Way and other galaxies. However, such a
comparison is susceptible to systematic effects because of
different observing conditions and data reduction meth-
ods involved in the studies. Therefore, in this study we
only compare our results to those extragalactic observa-
tions analyzed by CPROPS as well. These include Bolatto
et al. (2008), Colombo et al. (2014), Gratier et al. (2012),
Leroy et al. (2015), Utomo et al. (2015), and Wong et al.
(2011). For the Milky Way GMCs, we used the samples
presented by Rice et al. (2016) because they adopted the
same cloud property definitions as those in CPROPS to
analyze the original data in Dame et al. (2001).
3. RESULTS AND DISCUSSION
3.1. Gas Distribution and Radial Variation of GMC
Properties
Figures 1 and 2 show the distribution of molecular
clouds in our surveyed region. Molecular gas is particu-
larly abundant in the nuclear region as the bar drives gas
inward and fuels the starburst (Schinnerer et al. 2006).
In the disk, molecular gas forms filamentary structures.
While these chains of GMCs are mainly found in spi-
ral arms (e.g., Rebolledo et al. 2012), some of them are
present in the inter-arm regions.
Recently, Romeo & Fathi (2015) suggested that NGC
6946 may have a “double molecular disk” because there
is a clear transition in gas properties at 1 kpc due to the
influence of the bar. They found that the inner 1 kpc
is physically distinct from the rest of the disk with an
exponential increase in surface density and velocity dis-
persion (see their Figure 3). As suggested by Meier &
Turner (2004), molecular clouds in the nucleus of NGC
6946 are likely influenced by the nuclear bar and there-
fore have peculiar CO line ratios. In Figure 4, we show
GMC properties as a function of the galactocentric ra-
dius from the center to ∼4.5 kpc. It is clear that massive,
luminous, and turbulent clouds appear preferentially in
the inner 1 kpc. Some extreme clouds can reach >106 K
km s−1 pc2 in luminosity, >10 km s−1 in line width, and
>107 M in virial mass. On the other hand, GMCs be-
yond 1 kpc tend to be more quiescent and show little
radial variation in their properties, consistent with the
findings in Rebolledo et al. (2012). Our results provide
further support to the dynamically influenced nature of
the nuclear GMCs.
We note that dynamically influenced clouds have been
observed in other galaxies. For example, in the barred
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Figure 1. The 12CO (2–1) mosaic of NGC 6946 demonstrates a strong nuclear gas concentration and chains of GMCs in the disk. In
total, 390 GMCs are identified in the data cube. The inset shows the 10 SMA pointings overlaid on the IRAM 30 m map from Leroy et al.
(2009). The 1.′′6× 1.′′3 beam corresponds to 44 pc × 35 pc at a distance of 5.5 Mpc. North is up and east is left.
Table 4
GMC cumulative mass function
Parameter Nuclear GMCs Disk GMCs
N0 3.07± 1.48 4.27± 1.93
f0/(106 M) 4.70± 1.60 2.35± 0.46
γ −1.88± 0.05 −2.28± 0.09
galaxy NGC 1097, Hsieh et al. (2011) found that molec-
ular clouds on the starburst ring show an azimuthal vari-
ation in surface density and line width due to the bar-
driven nuclear inflow. In the grand-design spiral M51,
Koda et al. (2009) proposed that large-scale dynamics
drives coagulation on spiral arms, and fragmentation as
clouds leave the arms.
3.2. GMC Luminosity and Mass Functions
Figure 5 shows that the cumulative luminosity
and mass functions become steeper at the high-
luminosity/mass end. To further quantify these func-
tions, we used MATLAB to fit a truncated power law
following Williams & McKee (1997) and Rosolowsky
(2005),
N(f ′ > f) = N0
[(
f
f0
)γ+1
− 1
]
, (1)
where f0 is the maximum luminosity/mass in the dis-
tribution because N(f ′ > f0) = 0, and N0 is the num-
ber of clouds more luminous/massive than 21/(γ+1) f0,
where the distribution deviates from a power law. Ta-
ble 4 summarizes the best-fit parameters of the GMC
mass function. Compared with the luminosity function,
adopting a radially increasing XCO does not significantly
change the slope of mass function. The inner GMCs are
preferentially more luminous/massive, so their cumula-
tive functions have a shallower slope (γ ∼ −1.9) than
that of the outer GMCs (γ ∼ −2.3).
We note that GMC mass spectra in some spiral galax-
ies, including the Milky Way (Rosolowsky 2005; Rice et
al. 2016), M33 (Rosolowsky et al. 2007; Gratier et al.
2012), and M51 (Colombo et al. 2014), also have a shal-
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Figure 2. GMCs superposed on the 12CO (2–1) integrated intensity map and the Spitzer IRAC 3.6 µm image from Kennicutt et al.
(2003). The black cross marks the galactic center.
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Figure 3. The CO-to-H2 conversion factor XCO increases radially
in NGC 6946. Figure adapted from Sandstrom et al. (2013). The
orange dashed line is our linear fit to the data. The Milky Way
XCO is also plotted for comparison. To apply to our CO (2–1)
data, we divided the fitted XCO by a factor of 0.7 as adopted by
Sandstrom et al. (2013).
lower slope (γ > −2) in the inner regions, and a steeper
slope (γ < −2) in the outer regions. Recently, the lentic-
ular galaxy NGC 4526 was also found to exhibit this
radial dependence of γ (Utomo et al. 2015). The radial
variation of GMC mass spectrum likely reflects intrinsic
difference in the formation and evolution of molecular
clouds in different regions of a galaxy (e.g., Kobayashi et
al. 2017).
3.3. GMC Formation Mechanisms
The formation of GMCs can be largely divided into
“top-down” and “bottom-up” scenarios (e.g., McKee &
Ostriker 2007). In the top-down scenario, large-scale
gravitational instabilities induce the collapse of molec-
ular gas (e.g., Elmegreen 1979; Cowie 1981), while in
the bottom-up scenario, GMCs form by coalescence of
small clouds (e.g., Kwan 1979; Koda et al. 2009). Sim-
ulations by Dobbs (2008) showed that galactic environ-
ments can determine which mechanism is dominant: self-
gravity plays an important role in high surface density
regions, while agglomeration seems to dominate in low-
density regions where gas is stable against gravitational
collapse. Furthermore, Dobbs (2008) demonstrated that
as self-gravity becomes important, the GMC mass spec-
trum becomes shallower with the index γ > −2 (see their
Figure 9). On the other hand, in models with no self-
gravity, Dobbs (2008) found a steeper slope with γ < −2.
These features are in line with GMCs in NGC 6946 and
other disk galaxies, as summarized in the previous sec-
tion.
Therefore, both the top-down (gravitational instabili-
ties) and bottom-up (agglomeration) scenarios may con-
tribute to GMC formation in NGC 6946 and other galax-
ies. In the nuclear region of NGC 6946, large-scale bar
dynamics drives a large amount of gas inward, so grav-
itational instabilities become effective as surface density
greatly increases, thereby forming massive clouds. In the
outer disk, however, surface density is not high enough to
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Figure 4. GMC properties as a function of galactocentric radius.
In NGC 6946, luminous and turbulent GMCs are predominantly
located within 1 kpc from the center. Beyond 1 kpc, cloud prop-
erties are more uniform.
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served, with velocity dispersions >10 km s−1, but on average the
NGC 6946 clouds are somewhat less turbulent than the M51 clouds.
The mean fractional uncertainties for extragalactic clouds are 62%
for R and 52% for σv .
trigger instabilities, so GMCs primarily form via merging
of diffuse gas or small clouds.
3.4. Correlations of GMC Properties
Here we compare the properties of the NGC 6946
GMCs to clouds in the Milky Way and other galaxies. As
described in Section 2.4, we only select extragalactic sam-
ples obtained with CPROPS to minimize systematic effects.
Among all the selected galaxies, our results are most di-
rectly comparable to M33 (Gratier et al. 2012) and M51
(Colombo et al. 2014) because of similar resolutions and
sensitivities (20–50 mK noise, 2.6 km s−1 channel width,
∼50 pc spatial resolution in Gratier et al. 2012; 0.4 K,
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Figure 7. Cloud radius vs. 12CO (1–0) luminosity. We converted
CO (2–1) luminosities to CO (1–0) by dividing them by R21 ratios
(see text for details). Both properties correlate well, as expected.
Some nuclear GMCs are the most luminous clouds ever seen, but
on average the NGC 6946 clouds are less luminous than those in
M51. The mean fractional uncertainty of L for extragalactic GMCs
is 53%.
5 km s−1, ∼40 pc in Colombo et al. 2014; 0.33 K, 2.6
km s−1, ∼40 pc in our study). Moreover, we used almost
the same CPROPS parameters as Colombo et al. (2014) as
listed in Section 2.2. As a result, differences between
statistical properties of the M33, M51, NGC 6946 clouds
are more likely to be real. However, we caution that
Figures 6 and 7 are really a hodgepodge of telescope res-
olutions, sensitivities, and data reduction methods, even
if most of the samples were obtained with CPROPS. In ad-
dition, galaxy inclinations may play a role in shaping the
correlations (Pan et al. 2016). Therefore, the observed
slopes may not genuinely reflect the intrinsic properties
of GMCs. Homogenizing these data sets is beyond the
scope of this work, so we make no attempt to fit power
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laws to the data. We focus on qualitative comparisons.
Figure 6 shows the distribution of radius and velocity
dispersion for Galactic and extragalactic GMCs. The
NGC 6946 GMCs on average are similar to the M33
clouds, but have lower velocity dispersions than the M51
clouds. However, some nuclear GMCs in NGC 6946 have
σv > 10 km s
−1, making them the most turbulent clouds
observed in extragalactic studies.
We notice that cloud radius does not strongly corre-
late with velocity dispersion in individual galaxies; for
example, in NGC 6946 both parameters are only mildly
correlated, and in galaxies like NGC 4526 and M51 size
and line width are almost independent. However, extra-
galactic GMCs as a whole seem to roughly follow the
Milky Way scaling relation (e.g., Solomon et al. 1987;
Rice et al. 2016).
Figure 7 compares cloud radius with CO (1–0) lumi-
nosity. We converted studies in CO (2–1) to CO (1–0)
by using R21 (the ratio between CO (2–1) and CO (1–
0) fluxes) adopted in the original papers: 1 for galaxies
in Bolatto et al. (2008) and the Large Magellanic Cloud
(Wong et al. 2011), 0.73 for M33 (Gratier et al. 2012),
0.87 for NGC 4526 (Utomo et al. 2015), and 0.83 for
NGC 6946 (Crosthwaite & Turner 2007).
As can be seen in the figure, both parameters are
strongly correlated, and the NGC 6946 GMCs closely
follow the distribution of Galactic and extragalactic
clouds. A handful of nuclear GMCs in NGC 6946 are the
brightest clouds ever observed, with luminosities close to
107 K km s−1 pc2. But on average, the NGC 6946 clouds
are less luminous than the M51 clouds. Similar to the
offset in Figure 6, the stronger spiral arms in M51 proba-
bly create more turbulent and massive clouds than other
galaxies, making the M51 GMCs deviate from the rest of
the samples, including the NGC 6946 clouds.
4. SUMMARY
We carried out wide-field mosaic imaging of the spiral
galaxy NGC 6946 in 12CO (2–1) emission with the Sub-
millimeter Array. We merged the SMA visibilities with
the IRAM 30 m data cube, and utilized CPROPS to iden-
tify 390 GMCs in the nuclear and disk regions. The main
results are as follows.
• Molecular gas is particularly abundant in the in-
ner 1 kpc, and chains of GMCs are seen in the
disk. Some nuclear GMCs are among the most lu-
minous and turbulent clouds ever observed, with L >
106 K km s−1 pc2 and σv > 10 km s−1. Thus, GMCs
in the inner 1 kpc are likely shaped by the large-scale
bar dynamics. It is possible that the high-velocity dis-
persions of the nuclear GMCs might increase CO emis-
sivity and therefore result in a very low CO-to-H2 con-
version factor as measured by Sandstrom et al. (2013).
In contrast, GMCs beyond 1 kpc are fainter and more
quiescent, and show little radial variation in physical
properties.
• In NGC 6946, nuclear GMCs have a shallower mass
spectrum, dN/dM ∝ M−1.9; in contrast, disk GMCs
have a steeper mass spectrum, dN/dM ∝ M−2.3.
Many disk galaxies, including the Milky Way, M33,
M51, and NGC 4526, are also found to have a shal-
lower slope (index > −2) in the inner regions, and a
steeper slope (index < −2) in the outer regions. Com-
pared to the simulations in Dobbs (2008), we suggest
that in the inner 1 kpc of NGC 6946, gravitational in-
stabilities are more important in cloud formation and
result in many massive clouds. Beyond 1 kpc, GMCs
are mainly formed by agglomeration of small and dif-
fuse clouds, leading to a steeper mass spectrum.
• Cloud radius and velocity dispersion are not necessar-
ily well correlated in individual galaxies; however, ex-
tragalactic GMCs as a whole seem to follow a Galactic
size–line width relation. On the other hand, cloud ra-
dius and luminosity are well correlated even for in-
dividual galaxies. Compared to the M33 and M51
clouds, the NGC 6946 clouds are similar to the M33
ones, but they have lower luminosities and velocity dis-
persions than the M51 clouds. The strong spiral arms
in M51 may help form GMCs more luminous and tur-
bulent than other disk galaxies.
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Appendix A
Visibility Amplitude Corrections
Here we describe the calibrations of SMA and IRAM 30
m visibilities. Panel (a) of Figure 8 shows the uv cover-
age for SMA and IRAM 30 m. The complementary SUB
data ensure enough overlap between both telescopes, es-
pecially for baselines <10 m where the single-dish data
have higher fidelity. Panel (b) shows that the SUB visi-
bilities in both tracks are very consistent, and panel (c)
shows that the CMP visibilities are, on average, ∼10%
brighter than the SUB ones. It appears that our SMA
flux calibrations were accurate to about 10% uncertainty;
as a result, we adopted these SUB visibilities as the ab-
solute flux standard.
In contrast, there is a significant discrepancy be-
tween the visibility amplitudes of SMA and IRAM 30
m. As panel (d) demonstrates, SMA visibilities are
approximately twice as bright as those of IRAM 30
m. Inaccurate models of the single-dish beam and/or
the interferometer primary beam may result in this
amplitude mismatch, but the true cause remains elusive.
To proceed, we determined the single-dish beam size by
trial and error until the amplitude ratio was closest to a
constant at short baselines. We found that the optimum
size was 16′′, and the ratio was ∼1.14 for baselines <12
m. We hence applied the following corrections to SMA
and IRAM 30 m visibilities. (1) Divide the CMP1 data
by 1.13, and CMP2 by 1.12. (2) Use the IRAM 30 m
data at short baselines (<12 m). (3) Adopt a larger
single-dish beam of 16′′, and scale the visibilities by
1.14. Panel (e) demonstrates that visibility amplitudes
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are well-matched after corrections.
Appendix B
Cloud Blending
Cloud blending/confusion can potentially skew our
statistics; therefore, we examined the location of each
GMC in the position–position–velocity space. Figure 9
shows the “cloud assignment cube,” of which each color
patch represents a cloud in the ppv space. GMCs in the
disk region are rather separated. On the other hand,
GMCs near the galactic center can look blended in the
pp space, but each of them still occupies a specific lo-
cation in the ppv space. We hence conclude that cloud
blending/confusion is unlikely to affect our results.
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Figure 8. (a) uv coverage of the SMA data (red: CMP, green: SUB, blue: EXT) and the IRAM 30 m (yellow). (b) Consistency in the
SUB data from two different nights suggests accurate flux calibrations. (c) Data from two CMP tracks are about 10% brighter than that
from the first SUB track. This implies that systematic error in our SMA data reduction is only at the 10% level. (d) SMA CMP visibilities
are approximately twice as bright as that of the IRAM 30 m. (e) SMA and IRAM 30 m visibilities after amplitude corrections.
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Figure 9. Projections of the cloud-assignment cube on the position–position (top) and position-velocity space (bottom). Disk GMCs are
generally well separated in both spaces. Some nuclear GMCs are overlapped along the line of sight, but they are still separable in the
velocity space.
